ABSTRACT: The ability of L-glutamic acid to crystallize in two different forms has long been the subject of study due to its commercial importance. While a solvent-mediated phase transformation between the α and β polymorphs is the prevailing theory, recent reports indicate a thermal solid−solid transformation between the two may be possible. However, determining accurate thermodynamic stabilities of these crystals has been challenging. Here new low-temperature single-crystal X-ray diffraction data coupled to solid-state density functional theory simulations have enabled a detailed description to be achieved for the energetic parameters governing the stabilization of the two L-glutamic acid solids. The temperature-dependent Gibbs free-energy curves show that α-glutamic acid is the preferred form at low temperatures (<222 K) and the β form is most stable at ambient temperatures. Terahertz time-domain spectroscopy was utilized to evaluate the quality of the intermolecular force modeling as well as to provide characteristic low-frequency spectral data that can be used for quantification of polymorph mixtures or crystal growth monitoring.
■ INTRODUCTION
L-Glutamic acid is one of the most commercially produced amino acids, with an estimated worldwide annual production of two billion kilograms. 1−4 The majority is utilized in the food additive industry for the synthesis of monosodium glutamate (MSG). 5, 6 The morphology of crystalline glutamic acid is of particular interest because the differing crystallite shapes of the two known polymorphs directly impact their industrial usage. 7−9 In a manufacturing setting, the α polymorph (α-GLU) is preferred because it is easier to separate from the crystallization solution and easier to handle mechanically than the β polymorph (β-GLU), where the β-crystal habit often results in higher water retention and gelatinization. 7, 10, 11 Given the need to promote and maintain the crystal growth of one polymorph over the other, the energetics and mechanism of the α-GLU/β-GLU acid phase transformation have been topics of debate over several decades. 12−14 The difficulty in studying the two glutamic acid polymorphs lies in the tendency of α-GLU to readily convert to β-GLU if left in solution for even a few hours, a behavior that promotes the idea of a solvent-mediated phase transformation. 15, 16 This has made obtaining high-quality crystals for structural analysis challenging, and even when single crystals of α-GLU are grown, they are often contaminated by domains of β-GLU that grow both inside 17 and on the surface 18−23 of the α-GLU crystallites. In this study, pure crystals of both forms were grown, and their structures were completely solved using single-crystal X-ray diffraction (SCXRD), yielding the first reported low-temperature crystal structures of these polymorphs.
The availability of new structural data facilitated an in-depth investigation of the two glutamic acid polymorphs using solidstate density functional theory (DFT) calculations, with the goal being a complete electronic and thermodynamic description of the energies associated with the α-GLU/β-GLU phase transition. The specific question to be answered is if α-GLU and β-GLU are enantiotopically related as recently suggested by thermal studies, 13 or is the long-believed solventmediated transformation mechanism correct. 15, 17, 18, 22 The numerous energetic factors contributing to the polymorph stabilities will be presented, such as molecular conformation and intermolecular cohesion, but with particular focus on the origins of the intermolecular forces. Ultimately, the roles of all these components together will be considered in terms of the temperature dependency of the Gibbs free energies of α-and β-GLU and how their relationship helps elucidate the observed polymorph stabilities.
Terahertz time-domain spectroscopy (THz-TDS) was also utilized in this study in two capacities. First, THz-TDS of molecular crystals is a well-established method for identifying the characteristic spectral signatures of solid-state polymorphs, 24−27 and thus the work presented here provides a new means for the rapid detection of the presence of the α and β forms in industrial mixtures. Second, because the vibrational modes accessible by terahertz radiation are dependent on both the internal conformation and external packing arrangement of the molecules in the solid state, THz-TDS provides an excellent test of the computational models. 28, 29 This is especially important here, where the evaluation of the relative stabilities of the crystalline polymorphs is of central interest and the accurate modeling of the interactions between molecules is crucial. 30, 31 Experimental THz-TDS data for both α-GLU and β-GLU were obtained and assigned using solid-state DFT, highlighting the utility of a combined experimental and theoretical investigation for providing a more complete picture of the energetics associated with polymorphic phase transformations.
■ METHODS SECTION
Polymorph Synthesis. Monosodium-L-glutamate monohydrate and L-tyrosine were both purchased from SigmaAldrich (≥98.0% purity). The α-GLU form was synthesized using a combination of several previously published methods. 17, 18, 32 To produce a homogeneous microcrystalline sample suitable for powder X-ray diffraction (PXRD) and terahertz spectroscopy, 5 g of monosodium-L-glutamate monohydrate was dissolved in 50 mL of distilled water and placed in an ice bath, to which 2 mL of 12 M hydrochloric acid was added dropwise while stirring to minimize any temperature increases from the exothermic formation of the hydronium ions. The mixture was left undisturbed for 5 min, followed by the addition of 1 mL of hydrochloric acid that was slowly added as the zwitterionic glutamic acid solid precipitated out of solution. The solution was allowed to rest for an additional 5 min and was then filtered and washed using deionized water, yielding pure α-glutamic acid (confirmed by PXRD). Crystals suitable for SCXRD were grown by dissolving the newly synthesized α-glutamic acid in deionized water at 80°C and adding a small amount of L-tyrosine (∼2 × 10 −3 M), followed by immediately placing the solution in a refrigerator (∼2°C). Large crystals of α-GLU formed within a few hours, but after complete evaporation of the solvent a small fraction of β-GLU could be observed by PXRD.
A similar method was employed to synthesize β-GLU, but unlike in the α-GLU synthesis, the hydrochloric acid was added at once without the use of an ice bath. The crystals were again filtered and redissolved in water at room temperature, and the solution was allowed to evaporate over the course of several days. This produced a homogeneous sample of β-GLU that contained large crystals suitable for SCXRD.
X-ray Diffraction. X-ray diffraction studies were performed at 90 K on a Bruker KAPPA APEX DUO diffractometer equipped with an APEX II CCD using monochromated Cu Kα radiation (λ = 1.5418 Å) for PXRD and Mo Kα radiation (λ = 0.71076 Å) for SCXRD. 33 The SCXRD data were corrected for Lorentz and polarization effects, 34 and absorption corrections were made using SADABS.
35, 36 The structures were solved using direct methods with the SHELXTL software. 37 Upon identification of all non-hydrogen atoms, the models were refined anisotropically. All hydrogen positions were determined based on residual electron density, followed by isotropic refinement of the entire structure.
Terahertz Time-Domain Spectroscopy. Terahertz timedomain spectra were obtained at 100 K using a commercial Advantest TAS7500TS spectrometer. Terahertz radiation was produced using an Advantest TAS1130 source module, which made use of a lithium niobate nonlinear crystal to generate Cherenkov-type radiation in the 0.5−4.0 THz range. 38−40 Detection of the terahertz pulse was performed with an Advantest TAS1230 detector module containing a photoconductive antenna. 41, 42 Samples were prepared for THz-TDS by pulverizing the sample in a polytetrafluoroethylene (PTFE) matrix (∼5% w/w) and then pressing into pellets. The frequency-domain absorption spectra presented in this work are a result of Fourier transforming the time-domain spectra, followed by division by the spectra of a blank PTFE sample.
Theoretical. Solid-state DFT simulations were performed using a developmental version of the ab initio CRYSTAL14 software package, 43 which utilizes periodic boundary conditions to impose the translational symmetry found in real crystals. The generalized gradient approximation (GGA) Perdew−Burke− Ernzerhof (PBE) density functional 44 was combined with the split-valence triple-ζ 6-311G(d,p) basis set. 45 London dispersion forces were accounted for using the DFT-D3 correction (with the Becke−Johnson damping function) developed by Grimme, a method that explicitly calculates the C6 dispersion coefficients iteratively based on the structure and electronics of the particular system. 46−49 Geometry optimizations were performed using the experimental atomic positions as starting coordinates, and the entire structure (including lattice vectors) was allowed to relax. The optimized structures were then used for vibrational analyses, with infrared intensities calculated using the Berry phase method. 50 The energy convergence criteria were set to ΔE ≤ 10 −8 and 10 −10 hartree for the optimization and frequency calculations, respectively. Structural Results. α-L-Glutamic Acid. The low-temperature structure of α-GLU was determined using SCXRD at 90 K and is in general agreement with previously published roomtemperature structures. 51, 52 The α-GLU crystals form in the orthorhombic P2 1 2 1 2 1 space group, with lattice dimensions of a = 7.012 Å, b = 8.762 Å, c = 10.273 Å, and V = 631.17 Å 3 ( Figure 1 ). The unit cell is constructed from one symmetryindependent glutamic acid (Z′ = 1), resulting in four zwitterionic α-GLU molecules per cell (Z = 4) and providing a derived density of 1.548 g/cm 3 . Each α-GLU zwitterion forms four hydrogen bonds with neighboring molecules, three originating from the amino group and bonding to two adjacent carboxylate oxygens and the carbonyl oxygen and one from the carboxyl OH bonding to a neighboring carboxylate as well (three total H···COO − bonds and one H···COOH bond). The latter hydrogen bond is uniquely strong (although not of the low-barrier variety), with interoxygen spacing of only 2.579 Å and O−H distances of 0.912 and 1.677 Å for the covalent and noncovalent bonds, respectively. The theoretical simulations accurately reproduce these structural features, with the average absolute errors in the covalent bond distances and lattice vectors being 0.40 and 0.47%, respectively.
β-L-Glutamic Acid. The SCXRD structure of β-GLU was redetermined at 90 K and is in good agreement with the previously reported room-temperature structure. 53 Like α-GLU, β-GLU crystallizes in the orthorhombic P2 1 2 1 2 1 space group ( Figure 1 ) and contains one symmetry-independent molecule (Z′ = 1), leading to a total of four molecules in the crystallographic cell (Z = 4). The unit cell has lattice dimensions of a = 5.139 Å, b = 6.879 Å, c = 17.246 Å, and V = 609.72 Å 3 , yielding a derived density of 1.603 g/cm 3 . The largest difference between the two polymorphs is in the orientation of the carboxylate group with respect to the carbon backbone. In β-GLU the carboxylate group follows the nearly linear arrangement of the other carbon atoms, having a dihedral angle of 8.70°. However, in α-GLU, the carboxylate group is skewed out of the plane of the carbon backbone, exhibiting a 59.26°dihedral angle (Figure 2) . Moreover, the hydrogenbonding structure in β-GLU is more favorable, with each zwitterion accepting five bonds. Both carboxylate oxygens receive two hydrogen bonds, with one accepting two from the amino group and the other accepting one from the amino group as well as the carboxyl group. In turn, the double-bonded carboxyl oxygen accepts a single hydrogen bond from an adjacent amino group. The solid-state DFT optimized structure of β-GLU is an excellent reproduction of the experimental structure, with average absolute errors in the covalent bond distances and lattice vectors of 0.50 and 0.52%, respectively.
Terahertz Time-Domain Spectroscopy. The ability of THz-TDS to differentiate between polymorphic forms makes it a powerful technique for studying the two L-glutamic acid crystals. The terahertz spectra shown in Figure 3 were obtained at 100 K, and both samples exhibit a number of sharp resolvable features in the 0.5−4 THz region. The spectrum of β-GLU contains a noticeably increasing baseline and minor asymmetry in the absorption occurring at 1.25 THz, both indicative of Christensen effect scattering, 54, 55 but the distinct β-GLU spectral pattern is clear. Despite the common difficulty of mixed samples, the α-GLU sample showed no contamination from β-GLU, as evidenced by the absence of any features in the α-GLU spectra below 1.5 THz. The unique spectral fingerprints of the different crystals demonstrate the utility of THz-TDS for polymorph detection, and also the high number of wellresolved absorptions makes them valuable benchmarks for The low-frequency vibrational spectra were simulated using the solid-state DFT optimized crystal structures, and the excellent correlation with experiment can be seen in Figure 3 . The simulations agree in terms of both frequency and intensity, indicating that the potential energy curvatures and atomic charge distributions were equally well modeled. The types of vibrational modes in this region (determined through visualization of the eigenvector displacements) are similar between the two crystals. The motions are primarily external librations and internal torsions, with a majority of the atomic movement centered on the carboxyl(ate) groups (full mode list provided in the Supporting Information). The occurrence of a large number of terahertz torsional motions is likely due to the flexibility of the carbon backbone, where little energetic penalty exists for hindered rotation about the single-bonds.
Energetics of the Two Glutamic Acid Polymorphs. Gibbs Free-Energy Curves. The accurate simulation of the crystal structures and vibrational spectra of the L-glutamic acid polymorphs lends confidence to the computational investigation of their thermodynamic behavior, specifically the Gibbs free energies. It is important to note that while the thermodynamic analysis was performed within the harmonic approximation, previous studies have demonstrated that anharmonic contributions to Gibbs free energies are minimal below ∼1000 K and therefore they can be reasonably neglected in this instance. 56−58 The calculated Gibbs free-energy curves (Figure 4) show that α-GLU is the more stable form at low temperatures by 1.17 kJ/mol (per individual molecule) at 0 K, with a predicted phase transition occurring at 222 K so that β-GLU becomes the more stable at 298 K by 0.60 kJ/mol. These results are consistent with the observation of the preferential growth of α-GLU at lower temperatures, 9 yet in contrast with a recent report claiming a possible solid−solid α−β phase transition at temperatures near the melting point (∼450 K). However, that study conceded that numerous processes were likely occurring simultaneously and that the discovery of a new phase transition was not conclusive.
Deconstruction of the Electronic Energies. The most surprising result of the relative polymorph stabilities is that the α form is more stable than the β form at the zero-Kelvin limit. The DFT calculations enable a more complete description of the electronic energies to be performed by deconstructing the total energy into its various components, including the molecular conformational and cohesion energies but also contributions specifically from London dispersion forces. It is important to note that all energies provided throughout this discussion are in terms of a single L-glutamic acid molecule and have been corrected for basis set superposition error, which was found to be relatively small and nearly equal (∼20 kJ/mol, ΔE BSSE α−β = 0.22 kJ/mol) in the two glutamic acid crystals.
Considering the packing arrangements of the two polymorphs, specifically the higher density and enhanced hydrogen bonding of β-GLU, it might be expected to be the more stable of the two polymorphs. However, when considering the DFTcalculated electronic energy alone (no London dispersion energy corrections), α-GLU is favored by 8.23 kJ/mol compared with β-GLU. This is partially due to α-GLU being composed of molecules of lower conformational energy. A single molecule extracted from the optimized α-GLU crystal was found to be 3.97 kJ/mol lower in energy than one extracted from β-GLU. In terms of intermolecular energy contributions, the calculated electronic cohesion energy is in favor of α-GLU by 4.26 kJ/mol, in seeming contrast with the structural analysis that revealed a greater amount of hydrogen bonding in the β-GLU crystal. The other factors beyond hydrogen bonding that must be considered in the cohesion energy are dipole−dipole interactions, and this was investigated by calculating the dipole moments of isolated molecules, again extracted from the optimized solids. 59 The results of those calculations showed that while the dipole moment magnitude in β-GLU molecules was larger than those in α-GLU (12.03 and 9.31 D, respectively), the orientations of the nearby dipoles in the bulk with respect to each other are more favorable in α-GLU. The individual dipole moment vectors are arranged directly head-to-tail between adjacent molecules, and the neighboring sheets formed by the α-GLU molecules are oriented in an antiparallel manner, maximizing stabilization. The efficient organization of the dipoles in the α-GLU solid is sufficient to overcome its less favorable hydrogen bonding scheme (as compared with β-GLU), leading to the observed values for cohesion energy.
The inclusion of London dispersion energy into the simulations greatly alters the intermolecular potential energy landscape, as β-GLU experiences a larger amount of stabilization from them than α-GLU does (details provided in the Supporting Information). The higher density of β-GLU leads to a cohesion energy that is 1.14 kJ/mol more stable than α-GLU. Furthermore, the relative difference in total electronic energy is reduced from 8.23 to 3.69 kJ/mol (without and with dispersion energy corrections, respectively) in favor of α-GLU, providing some insight into the origin of the observed properties of the two crystals.
■ CONCLUSIONS
While these energetic values provide no information regarding the specific transformation mechanisms or kinetics, the results can be used to help explain some of the observations made of the α-GLU/β-GLU crystal growth and interconversion. It is accepted that the two polymorphs are unable to undergo a solid-state phase transition, in seeming contrast with the ss-DFT simulations that show they should be enantiotropic, from The Journal of Physical Chemistry A Article a purely energetic point of view. The majority of reported techniques for synthesizing α-GLU involve rapid crystallization, often relying on supersaturation or precipitation. This can be broadly interpreted using the energetic conclusions drawn here, as the lower conformational energy found for α-GLU molecules likely represents a structure that is closer to the preferred configuration of L-glutamic acid in solution, but as nucleation begins, the greater amount of external stabilization offered by London dispersion forces in crystals of β-GLU offsets the conformational stability of α-GLU, promoting its formation. This hypothesis can then explain the well-known observation of β-GLU forming both inside and on surface of α-GLU crystallites. Overall, these molecular crystals represent the commonly encountered balance established between conformational and cohesive stabilities and are another example of how the competition between the two factors dictates the ultimate crystalline geometry. 
